The knowledge of liminology can be applied in studies of trophic state indexes and morfoedaphic indexes as factors for determining the inference fish production in reservoirs. This work is based on the hypothesis of the trophic cascade relations, particularly related to bottom-up and top-down effect in Itaipu Reservoir (Brazil). Using the data available by Itaipu, from 1999 to 2004, analyzes of multiple regressions were accomplished to determine the relationships of the dependent and independent variables. We applied the trophic state indices (TSI) based on readings Secchi disk, total phosphorus and chlorophyll-a density for obtaining TSI medium. Morfoedaphic index was calculated based on the reading of the concentration of dissolved solids and the inference of fishing yield, from this index. The average results of the trophic state indices indicate an oligotrophic status for the entire reservoir as well as for the riverine, transition and lacustrine zones separately. The fish was yieldn Estimated by the relation with cyanobacteria concentration, and this was the best variable que explained this prediction. The use of the morfoedaphic index (MEI), with the recorded catch data, predictive models can generate que estimate the fishing yield in the Itaipu Reservoir. The relations of MEI with chlorophyll-a and water transparency que Indicate this index may be a good predicting factor for future fish captures.
Introduction

Relationship between Fish and Water Quality
Fish play an important role in the biocenosis of reservoirs when it comes to water quality. The presence or absence of certain species, together with the amount of fish in the system help to determine the composition and quantity of nutrients, zooplankton and phytoplankton in reservoirs [1] . The ichthyofauna of a reservoir is altered according to water quality owing to two factors: 1) contamination by pollutants from tributaries, what can affect various parts of the reservoir and 2) changes in how the hydrological system works [1] . The composition of species of the fauna depends largely on geographical characteristics and lakes and reservoirs are characterized by the absence of true pelagic species, and most of the reservoirs are populated by species that typically inhabit the coastal region.
Trophic Cascade Interactions in Reservoirs
The trophic cascade theory in lakes and reservoirs is based on two principles: 1) loss of energy between a trophic level and another and 2) disturbance of a trophic level with consequences in the remaining trophic levels.
The pioneer work of [2] was responsible for highlighting the effect of fish on the structure of the aquatic food chain. After a few years, research such as [3, 4] contributed to the development of the food web theory in lakes, revealing the important role of fish, ignored for decades in the field of limnology.
The theory of trophic cascades [5] ; see critiques from [6] and the meta-analyses of [7, 8] and the bottom-up/topdown theory [9] are the two main conceptual models of work used here. Phytoplankton responds positively to nutrient enriched systems with an odd number of trophic levels (three levels: phytoplankton, zooplankton and planktivorous fish), but not in systems with an even number of trophic levels (two levels without fishes, or four levels with piscivorous fishes).
The effect of the stock of planktivorous fish on the zooplankton community has been well studied [10] [11] [12] and there is strong pressure of these fish on the biomass of algae [13, 14] . The effect of piscivorous fishes in a system has a strong relationship with the stock of planktivorous fishes, causing the drastic reduction of latter [6, 15, 16] . Some studies confirm that the impact of fish stocks favors the concentrations of chlorophyll through the excretion of nutrients and the predation of zooplankton [17] [18] [19] [20] . With regard to the stock of piscivorous fishes, many studies were not successful [6, 17] , mainly due to the low stocking density [21] . In many studies the top-down effect was observed [4, 5, 13, 15, [25] [26] [27] [28] [29] . [25] suggest that knowing how the food chain works can be useful for the management of aquatic ecosystems aiming at ecology conservation. The increase of piscivorous fishes may decrease the density of planktivorous ones and, consequently, increase grazing and depletions in the concentrations of chlorophyll-a. The increase in the stock of piscivorous can be a tool for rehabilitating eutrophic lakes. The concept of trophic cascade with links between limnology and fisheries biology suggests a biological alternative for lake management.
Studies by [7] prove the theory of trophic cascade. They noted that the manipulation of fish communities can be used to control algal biomass, but these relationships are fragile. The authors mention that the control of the phytoplankton through the trophic cascade management (biomanipulation) can be successful in about 60% of the cases and that the reduction zooplanktivorous species would result in a slight reduction in phytoplankton biomass and hence a small improvement in the quality of water. [30] mention that the top-down control of chlorophylla occurs according to the following conditions: 1) shortterm experiments, 2) shallow lakes with macrophytes and 3) deep slightly eutrophic or mesotrophic lakes. Other experiments indicate that top-down control may be unlikely in the following conditions: 4) eutrophic or hypertrophic deep lakes, unless there is severe limitation of light, and 5) for all lakes when there is extreme nutrient limitation (oligotrophic and ultra-oligotrophic lakes). Important factors that are responsible for the top-down control under the described conditions in 1) and 3) are the time scales that prevent the slow development of phytoplankton; shallow depths allow macrophytes to become dominant primary producers 2), and biomanipulation induced reduction of phosphorus (P) available to phytoplankton 3).
[31] compared the data of trophic (limnological) variables with the spatial and temporal distribution of fishes, zooplankton and phytoplankton. According to the analysis (meta-analysis), the distribution of the studied trophic levels was correlated with the temperature of water and nutrient concentration distributions.
Tropical and Subtropical Trophic Cascades
According to [32] , the dams in the semi-arid Northeastern region of Brazil offer excellent opportunities for theoretical comparisons on the relative importance of the top-down and bottom-up impact structuring forces on the fish-plankton interactions in tropical environments, including comparisons between the effects of the dominance of omnivorous and low number of piscivorous species. However, most of the dams have never been studied, except for some large public ponds, especially those controlled by DNOCS-Departamento Nacional de Obras Contra a Seca (National Department of Works Against Droughts) in the states of Ceará and Paraíba. Regional reports on fishery yield, hydrochemistry and limnology (e.g. [33] [34] [35] [36] [37] [38] [39] [40] [41] ) were rare. The author points out that to make generalizations it is more appropriate to use a comparative approach based on data from climatology, limnology and plankton communities and fish collected in the reservoir, and studies correlating all these variables are in small number [42, 43] . Studies with this type of approach can provide important practical and social implications for predictive limnology [44] , for the management of fishery yield [45] and/or water quality.
While studying 31 Argentinean reservoirs, [46] have shown that in environments in which the effect of piscivorous stock did not cause a depletion of zooplanktivores, the phytoplankton biomass reduced drastically. The authors emphasized that human influence can cause changes in trophic relationships in lakes and reservoirs.
[47] evaluated the top-down and bottom-up effects in a floodplain lake in Bolivia. The authors found two types of effects on the trophic cascade in experiments in mesocosms, and the effect of these relationships varied among trophic levels. The effect of planktonic fishes did not show any positive relationship with zooplankton, mainly with cladocerans, and phytoplankton showed bottom-up effect.
The objectives of this work were to evaluate the water quality of the Itaipu Reservoir (central body and arms of the left bank of the reservoir) through the analysis of physical, chemical and biological variables, given the multiple uses of the reservoir during the period from 1999 to 2004; to analyze the evolution of the trophic levels of the reservoir, including its left margin arms, and characterize the trophic webs and the relationship between the relative fish biomass, plankton and limnology of the Itaipu reservoir.
Materials and Methods
Characterization of the Study Area
The Paraná River is the tenth longest river in the world (4695 km), and was considered the most important hydrological system of the La Plata River Basin [48] . It is formed by the confluence of the rivers Grande and Parnaíba (center-south of Brazil), flowing into La Plata River, North of Argentina [49] . The Paraná River Basin is responsible for more than 70% of hydroelectric power production in Brazil, has the largest population density in South America and includes other major rivers, such as the rivers Grande, Tietê, Parnaíba, Paranapanema, and Iguaçu, were approximately 130 dams were constructed (Figure 1) .
The Itaipu Reservoir, completed in October 1982, is located in the Brazil-Paraguay border, between latitudes 24˚05′S and 25˚33′S and between longitudes 54˚00′W and 54˚37′W (Grw). It has a surface of 1350 km 2 in its mean elevation of operation (220 m) and 1.460 km 2 when in maximum height (223 m). Of these, 625 km 2 are part of Brazil and 835 km 2 of Paraguay. It stretches over 151 km (170 km in maximum quote) and separates the cities of Guairá-Salto del Guayra and also Foz do Iguaçu-Ciudad del Este [50] .
With an average depth of 22 m, and possible depths of 170 m near the dam, the Itaipu reservoir accumulates as normal maximum volume, 29,109 m 3 of water. The residence time in the main channel is 29 days and the speed of the water can reach 0.6 m/s. The average residence time is, however, 40 days. It operates with a maximum annual level variation of 0.6 m [51] .
Energy production is the main use of the Itaipu reservoir, which was the primary motivation for its construction. However, other secondary uses are currently coming into scene, especially 1) navigation, facilitated by the drowning of The Sete Quedas Falls (Guaira), 2) recreation and tourism, mainly in five artificial beaches built on its banks, 3) water supply for cities and irrigation of smallholdings and 4) professional fishing [52] .
Based on Carlson's trophic state index (phosphorus and chlorophyll-a), this reservoir was classified as mesotrophic, and some eutrophic areas may be found in its arms during certain periods of the year. It presents an annual cycle of thermal stratification in its main body (spring-summer), which classifies it as a monomictic hot lake, besides daily stratification processes in its arms. The fish assemblage of the Itaipu reservoir and its catchment area is composed of 114 species in all environments. The dominant species vary with the type of environment, because this is a factor that contributes significantly to the structure of this assemblage (ANNUAL REPORT ITAIPU BINACIONAL).
Characterization of the Sampling Stations
To establish the location of the sampling stations we considered the compartmentalization of the Itaipu Reservoir, which is composed by three horizontal regions, along the main body of the reservoir [50, [53] [54] [55] : 1) the riverine zone: located at the beginning of the reservoir, 2) the transition region: between the lotic and lentic regions, and 3) the lentic region, called "lacustrine region", where the reservoir is usually deeper and wider.
Furthermore, the Itaipu Reservoir has a dendritic form, what means that attached to its central body there are branches on the sides called reservoir arms which present systems that are almost independent from the main body system and that have their own particular characteristics. Due to this compartmentalization, a network of water quality monitors was established, totaling twelve sampling stations (Figure 2) . Stations E1, E2, E3, and E7, in areas of lotic characteristics are in the riverine zone. Stations E5, E11, E12, E14 and E20 are in the lacustrine region and stations E8 and E12 are in the transition region.
Data Collection
The data analyzed in this study were provided by Itaipu Binacional. Limnological analyses, including physical and chemical water variables, phytoplankton and zooplankton were made by Instituto Ambiental do Paraná (IAP), the Environmental Institute of Paraná, based on quarterly collections, between 1999 and 2004. Information on fish stocks are from the studies conducted by Núcleo de Pesquisa em Limnologia, Ictiologia e Aquicultura (NUPELIA/UEM), the Center for Research in Limnology, Ichthyology and Aquaculture.
According to [54] , samples were collected at the water surface, and the physical, chemical and biological water quality variables were monitored in all field samplings. The following variables were measured in the field: temperature, dissolved oxygen concentration and percentage of saturation, pH, electrical conductivity and water transparency. Other physical and chemical variables, such as alkalinity, total nitrogen Kjeldahl (TKN) nitrate, nitrite, ammonia and nitrogen, total solids, suspended solids, BOD, COD and total phosphorus were analyzed in the laboratory, according to [56] , as well as the concentration of chlorophyll-a [57] . The analysis protocols were presented by [58] .
The climatological data were obtained from weather stations in the cities of Guaira (riverine area), Entre Rios do Oeste (transition zone) and Iguazu Falls (lacustrinedownstream zone).
Data on fishes were grouped into trophic guilds, according to [55] . They presented the relative densities, calculated from numerical abundance in kilograms, corresponding to the weight of gutted fish without a head.
The relative abundance of phytoplankton, zooplankton and fish were presented according to the regions (riverine, transition and lacustrine) of the reservoir to enable the comparison of the spatial distribution patterns.
Statistical Analysis of Data
To test the trophic cascade hypothesis in the reservoir we performed linear regression analyses among the physical, chemical, biological and trophic guilds, and trophic levels were analyzed one by one, determining the interactions between them. These analyses were performed in accordance with food web models (Top down and Bottom up) [9, 18, 24, 32] . The graphs were evaluated to determine whether the relationships were linear or not. To stabilize the variance, the neperian logarithms were taken for all limnological variables. Graphically, limnological variables were expressed according to the equation below:
where var is the original value of the limnological variable lnvar is the transformed the value of var.
For biotic variables, in order to minimize null values, the transformation was performed according to the following equation, based on absolute numerical abundance:
where bio is the original value of the biotic variable + 1, ln bio is the transformed value of bio. In the analysis of residues, assumptions of linearity, normality and homoscedasticity were confirmed.
To test the effect of limnological and fish biomass on chlorophyll-a and cyanobacteria we carried out multiple regression analyses following the stepwise procedure, in which all variables were tested, and as they did not produce any significant results, they were one by one discarded from the model.
To test the hypothesis that the chlorophyll-a, and therefore the productivity of the reservoir, depends on the concentration of nutrients, a multiple regression analysis was performed. The concentration of chlorophyll-a was considered a dependent variable, and was plotted with the forms of nutrients (independent variable), and only those that showed significant results remain present in the final model.
In order to detect possible relationships between the biotic and abiotic variables we carried out multiple regression analyses. These used the densities of cyanobacteria, the concentration of total phosphorus and biomass of fishes (omnivores and detritivores) as dependent variables, what turned out to be of relevance in the linear regression analyses performed. The analyses follow the same protocol of the abiotic variables analyses.
Trophic State Index (TSI)
In order to assess the trophic state of the Itaipu Reservoir, we used the trophic state index proposed by Carlson and modified by [59] , as described below:
  80 32 ln TSI 10 6 ln2
To determine TSI (mean), the calculation of the index was done using the weighted average by assigning a lower weight to the transparency of water, as suggested by [59] . Thus, to calculate the TSI (mean), we used the following formula:
Estimate of Fishing Yield
Through Morfoedaphic Index (MEI) of [60] , we estimated fishing yield and the MEI was expressed by the following equation:
where TDS = concentration of dissolved solids (mg/L) and Zm = average depth (m).
Inference of Fishing Yield
In order to estimate the fishing yield of the Itaipu reservoir and verify if the predicted index values were significant we used the equation proposed by [61] , with the model derived from a capture data regression analysis and MEI (morfoedaphic index):
The index below (MEI) is a relationship between the concentration of dissolved solids in water divided by the mean depth of the lake or reservoir, and was first used by [60] to estimate the fishing yield of African lakes. [62] found that a better fit could be obtained for MEI expressed as the relation between conductivity and the average depth:
Results
Relationships between the Limnological Variables
The analysis shows that the TKN and total phosphorus   2 04 0 695 ln 10 6 ln2 
Analysis for testing the relationship between water transparency and other forms of nutrients which help to increase the concentration of chlorophyll-a was of the stepwise type, where the variables that show p > 0.05 are successively discarded from the model ( Table 2 ). The final multiple regression model explains 30% of the variability of chlorophyll-a (R = 0.550, R 2 = 0.302, F = 39.586, N = 278, P ≤ 0.05), being expressed by the model below. According to this analysis, the concentration of chlorophyll-a (dependent variable) can be explained by a linear combination of independent variables, indicating that all the variables tested contributed to the development of phytoplankton, while the only negative effect was the variable water transparency.
In order to establish which other variables contributed to the development of phytoplankton (through chlorophyll-a concentration), another multiple regression analysis was performed ( Table 3 ). The results show that besides TKN, the independent variables BOD and COD were significantly correlated with chlorophyll ( Table 4) . The final accepted model explains 35% (R = 0.589, R 2 = 0.347, F = 36.270, N = 278, P ≤ 0.05) the ratio of chlorophyll-a over the other variables: 
To prove the effects of water transparency on the productivity of the reservoir, a multiple regression analysis was performed to identify independent variables that are significantly correlated with water transparency ( Table  5 ). The result of this analysis demonstrates the importance of independent variables tested on water transparency. These responses explain 61% of the relationship significantly correlated with the tested independent variables (R = 0.783, R 2 = 0.613, F = 61,019, N = 278, P ≤ 0.05), having chlorophyll, turbidity and suspended solids influenced the model negatively, and ammonia nitrogen, TKN and BOD positively. The model generated in this analysis was: Figure 4 shows the relative abundance of phytoplankton in the Itaipu Reservoir. Cyanobacteria were abundant in the whole system, comprising 76% of the total. In the transition zone relative abundance was 90% whereas in the riverine zone it was 65%. The diatoms corresponded to the second most abundant group, with 14% of the total.
Density and Relative Abundance of Phytoplankton
In the riverine zone we obtained the greatest concentration (23%) and the smallest contribution was in the transition zone (7%). Chlorophyceae accounted for 5%, being more abundant in the riverine zone (9%) and less abundant in the transition zone (2%). The same pattern was found for the phytoflagellates with a frequency of 5% for the whole reservoir, with greatest abundance recorded in the area lacustrine zone (7%) and lowest in the transition zone (2%).
Density and Relative Abundance of Zooplankton
The relative abundance of the zooplankton groups can be seen in Figure 5 . Copepods were abundant in the entire reservoir, and in the lacustrine zone we obtained its highest value (58%). In the transition zone abundance was 54% and in the riverine zone 42%. The rotifers corresponded to the second most abundant group, with 32% for the entire reservoir. In the riverine zone we obtained the highest value (44%), in the transition zone 28%, and in the lacustrine zone we verified the lowest relative 
abundance (25%).
Cladocerans showed the lowest relative abundance throughout the whole reservoir, with 17%. The highest abundance was in the transition zone (18%), similar to the lacustrine zone (17%), with the smallest contribution occurring in the riverine zone (14%). Figure 6 shows the relative abundance of groups of fishes in the riverine, transition and lacustrine zones of the Itaipu Reservoir. The omnivores were the most abundant group throughout the reservoir, with 47.2%, followed by piscivores (30.5%), zooplanktivores (8.5%), detritivores (6.2%), iliophagous (5.7%) benthivores (1.1%), insectivores (0.5%) and herbivores (0.3%). In the lacustrine zone omnivores were more abundant (71.8%), followed by detritivores (14.9%) and piscivores (8.7%). The other groups showed low abundance, and no presence of benthivores was recorded in this region. The transition zone also showed a higher relative abundance of omnivores (38.3%), followed by piscivores (37.2%).
Fishes
he iliophagous had 11.2% of relative abundance, fol-T lowed by zooplanktivores (10.6%), detritivores (1.4%), benthivores (0.7%), herbivores (0.6%) and insectivores (0.1%). In the lacustrine zone the highest relative abundance pertained to piscivores (45.6%), followed by omnivores (31.5%), zooplanktivores (14.2%), iliophagous (3.1%), benthivores (2.7%), detritivores (2.2%) and, finally, herbivores and insectivores (0.3%). Table 6 shows the negative impact of suspended solids concentration and turbidity on the Secchi disk value. In other words, the higher the concentrations of these variables, the lower are the values of the Secchi disc reading, and consequently, of water transparency.
Analysis of Trophic Interactions in the Itaipu Reservoir: Direct Effects
To test the trophic cascade hypothesis in the reservoir we performed linear regression analyses, checking the trophic levels one by one, thus determining the interactions between them ( Table 6 ).
The omnivorous fishes showed to be negatively dependent on the piscivores, that is, the higher the piscivore biomass is, the lower the omnivore biomass will be. The benthivores were dependent on piscivores (positively) and negatively dependent on omnivores. The detritivores were dependent on omnivores (positive relationship) and egatively dependent on piscivores. The zooplanktivon rous fishes proved to be dependent on piscivores (positive relationship) and negatively dependent on omnivores. Table 6 shows the relationships between macrozooplankton groups and fish trophic guilds. Both copepods and cladocerans had positive relationships of dependence with iliophagous fish biomasses.
The abundance of cladocerans and copepods positively interfere in the concentration of chlorophyll-a, that is, the more abundant are these groups are, the greater the concentration of chlorophyll-a will be. Observing the dependence of the chlorophyll-a in relation to the previous level, it is possible to see that the total phosphorus positively affects the concentration of chlorophyll-a ( Table  6 ).
Analysis of Trophic Interactions in the
Itaipu Reservoir: Indirect Effects Table 6 presents the indirect relationships between chlorophyll-a and fish trophic guilds in the reservoir. The groups of fish that had an influence on chlorophyll-a concentrations were: omnivores and insectivores (negative relationship), and detritivores and iliophagous (positive relationship). Table 6 presents the results of indirect interactions between the concentration of total phosphorus and groups of fishes. Insectivores and herbivores were the groups of fishes that showed negative interference on the concentrations of total phosphorus. Table 6 shows the results of indirect interactions be-tween the cyanobacteria biomass and groups of fishes. Omnivores, detritivores and insectivores showed negative interference on the abundance of cyanobacteria, while zooplanktivores had a positive relationship. Table 6 shows the positive dependence between chlorophyll-a and cyanobacteria, indicating that the increased concentration of cyanobacteria favors increased chlorophyll-a concentration.
Analysis of the Relationship between Cyanobacteria and Total Phosphorus and Fishes in the Itaipu Reservoir
The analysis of Table 7 shows that the cyanobacteria were correlated with limnological variables, to reveal which of them had relationships with a dependent variable. This analysis indicated that the density of cyanobacteria had significant positive dependence on chlorophyll-a, water transparency, turbidity, suspended solids and TKN. Only the concentration of suspended solids showed negative interference on them. The multiple regression model explained 33% of the variability of cyanobacteria (R = 0.571, R 2 = 0.326, F = 27,334, N = 288, P = 0.05), as expressed by: The biomass of cyanobacteria was correlated with total P and omnivores biomass. Phosphorus showed a positive relationship, favoring the development of cyanobacteria and a negative relationship regarding omnivores (cyanobacteria control). The results were R = 0.872, R 2 = 0.760, P = < 0.001 F = 18.998, N = 15, P = 0.05 ( Table 8 
Cyanobacteria were also correlated to the concentration of total phosphorus and to detritivorous fishes. Cyanobacteria also developed when there was an increase in Ptotal and showed a negative relationship with detritivores ( Table 8 ). These results indicate that the limiting nutrient for the development of these algae is Ptotal and that the fishes also play a critically important role in this environment. These results can be observed in linear regression analyses that were performed in studies of trophic level relationships (a posteriori).
The multiple regression model explained 78% of the variability of chlorophyll-a (R = 0.887, R 2 = 0.786, P = 0.001, F = 22.025, N = 15) and this can be expressed by the model: the logarithm values of cyanobacteria densities. This relationship proved to be negative, indicating depletion of capture when there was an increase in cyanobacteria. The values of the correlation coefficient explain 47% of the model at 0.05 significance.
The results of the inference of fish production by means of empirical models for the Itaipu Reservoir are shown in Figure 8 . According to this inference, the reservoir had an average fishing yield of 8.1 kg/ha/year. The transition and riverine zones had the highest mean productivity (8.2 kg/ha/year), while the lacustrine zone obtained an average yield of 8.1 kg/ha/year.
Discussion
Limnology of the Itaipu Reservoir
Limnological variables are of crucial importance to characterize the zones of a reservoir. According to its longitudinal variation, to the sedimentation of allochthonous and autochthonous material in the environment, a reservoir has essentially three main zones: the riverine region, the transition region and the lacustrine region [63] . These regions have a horizontal distribution, with their own dynamics, being influenced by inflowing water from rivers and by the outflow of water through spillways and turbines.
The Itaipu Reservoir shows strong relations between the riverine, transitional and lacustrine zones. According to [64] these relationships suggest that the seasonal variability can be explained by the hydrodynamic process, especially because of the discharges that the Rio Paraná suffers, causing an irregular dynamics of the limnological variables.
The analyses of this study indicated that the Itaipu Reservoir showed horizontal spatial heterogeneity for some limnological and biological variables. When one examines the topographical map of the valley of the Itaipu Lake [65] , it is evident that the topography of the transition zone favors increased water inflow [66] , explaining a major input of allochthonous material to the reservoir.
[67] evaluated the transportation of nutrients and suspended material in different parts of the Paranapanema River and its tributaries. The results explain the importance of the hydrological cycle, in particular precipitation, and of the lateral and longitudinal dimensions.
The use and occupation of land is an extremely important factor in reservoir studies. Activities such as monoculture and large areas of pasture may increase concentrations of nutrients in the aquatic ecosystem. On the banks of the reservoir, on the Brazilian side, there are large areas that contribute to the acceleration of eutrophication of the reservoir (diffuse pollution), while on the Paraguayan side there are still large areas of forests along the reservoir.
A study in the São Simão Reservoir (MG) showed that the highest concentrations of nutrients and solids flowing into the reservoir were found in rivers where there was agriculture and livestock [68] . The same effect can be observed in cascade reservoirs of the Paranapanema River [69] . Temperature is one of the most important variables a) in the distribution and physiology of aquatic organisms, what may cause altercations in the dynamics of nutrients in the water column [70] and b) in studies of the food web and biomanipulation in lakes and reservoirs, influencing the metabolic rates of fish [71] . The ammonia excretion rates increase with the increase of this variable [72] and phosphorus cycling by fish is accelerated [73, 74] . In the Itaipu Reservoir water temperature showed a distinct pattern of seasonal variation, with the highest temperatures recorded between November and March and the lowest from May to August. The highest temperature was found in the lacustrine zone (30.4˚C). These data are consistent with those described by [50] and [75] , and in reservoirs located in the Serra do Mar, state of Paraná [76] .
Water transparency has a strong influence on the trophic aquatic environments, and penetration of light determines the development of phytoplanktonic organisms and therefore environmental enrichment [70, 77, 78] . In addition to the input of allochthonous material, which is transported and sedimented in water, contributing to the reduction of water transparency, high fish biomasses can also reduce water transparency [4, 27, 79] due to increased nutrients owing to the excretions of fishes [20, 80] .
In the Itaipu Reservoir the lowest water transparencies were recorded in the riverine zone due to the transportation of particles and sedimentation rates, which are directly associated with the inflow of water courses. The data analysis of suspended solids indicates that, as this variable diminishes, water transparency increases, as noted by [49, 75] .
The values of water transparency were related with some limnological variables and the results indicate that the chlorophyll-a, turbidity, suspended solids and total phosphorus variables influenced negatively water transparency. This can be explained by the fact that when the independent variables increase in value, the dependent variable increases, interfering directly in the amount of light in the system. The variables ammonia nitrogen and TKN showed a positive effect, contributing to the increase in water transparency. This occurred because the forms of nutrients are related with the increase of primary productivity, indicating casual relations, so that these variables have their effects limited by the availability of light into the water environment.
The concentration of suspended solids in the water, besides the water cycle and turbidity, is also one of the most important limiting factors to primary production in environments that present high values of this variable, influencing the photosynthetic behavior and causing changes in the ecology of the ecosystem [81] . It is important to note that climatic factors such as rainfall play an important role especially with regard to the water transparency variable. The results of the analyses comparing rainfall and water transparency demonstrate the negative effect, what means that this variable is of great importance to measure the productivity of aquatic environments. [81] emphasize that the discharge of solids in the Paraná River was at around 30 million tons per year, of which only 10% refer to bed material load. The suspended load varies according to the flood peaks (precipitation).
The turbidity of water the measurement that expresses the loss of light penetration into the aquatic environment, as it is a result of all organic and inorganic material that is in suspension in water in the form of particles [82] . In the Itaipu Reservoir this variable showed very similar values among the riverine, transition and lacustrine zones, although it presented declining average values in the upstream-downstream direction, confirming the results of [75] . The highest values of turbidity can be explained by occasional periods of rain just before and during the collection of data, as observed by [83] in Salto Grande reservoir (Americana, SP) and by [68] in São Simão Reservoir (MG). This variable is very important because many species of predator fishes have a visual active persecution feeding tactics [84] , promoting the re-suspension of organic and inorganic materials as they move around to catch food [85] . This variable is directly related to the decrease in water flow, resulting in a lower input of suspended materials in the water.
According to [70] , the pH represents the ionic balance in the aquatic environment, interfering directly with the conditions of neutrality of water and environmental buffering capacity (alkalinity). The increase of this variable may be related to changes in the values of alkalinity in aquatic ecosystems, explaining the inverse relationships of the alkalinity values found with regard to pH. The Itaipu Reservoir, in general, presented an alkaline pH with slight tendency to neutrality. These results are in consonance with those by [48] . The fact that the transition zone presents higher pH values may be related to higher photosynthetic activity (cyanobacteria) in this region [86] . [23] , in an experimental study, found that concentrations of pH and CO 2 are variables that help to determine the cyanobacteria populations.
Electrical conductivity is the resistivity ability to transmit electricity in the water body, reflecting indirectly the level of dissolved solids in water. In some studies the increase in conductivity was accompanied by the increase of cyanobacteria [87] . In the Itaipu Reservoir, although quite discrete, the highest conductivity was re-corded in the transition zone. The exclusive presence of tilapia (Oreochromis niloticus and Tilapia rendalli) when compared to treatments without the presence of fishes in studies by [88, 89] , showed an increase in the values of electrical conductivity as a result. The ion concentrations in the lacustrine area can be explained by the higher biomass of piscivore species, justified by the control of omnivore biomass [90] .
The dissolved oxygen in the aquatic ecosystem is a limiting factor for both nutrient cycling and for primary productivity [52] . In this study, we observed a pattern in their distribution with regard to seasonality during the months the data were collected, confirming the results reported by [50] , in which the lowest dissolved oxygen concentrations were found in summer (January to March) and the highest during the rainy season (June to August). For this work, the highest amount of dissolved oxygen in the transition zone may be associated with the great development of algae, especially cyanobacteria. The month of March, for all years, presented the lowest concentration of this gas, as it is strongly affected by water temperature (in warmer months there is loss of oxygen into the atmosphere and increased metabolism of the environment).
In a study by [91] in reservoirs in the middle and lower Tietê River (SP) high concentrations of dissolved oxygen were found in the water surface. The author stresses that these findings may be related to the rainy months and other studies also emphasize the effect of rainfall in the distribution pattern of dissolved oxygen [92] .
The BOD variable represents the amount of oxygen required to oxidize organic matter by microbial decomposition. The increase in the values of this variable represents an increase of organic or punctual pollution [93] . The transition zone showed the highest mean values due to swine breeding activity in that area of the watershed (BENASSI, S.F., personal communication, 2006).
The COD variable represents the amount of oxygen required to oxidize organic matter by means of chemical agents. The increases in the DQO values in water bodies are indicative of industrial pollution [93] . As with the BOD, COD showed a higher average concentration in the transition zone (7.5 mg/L), which can also be associated with the input of materials into the reservoir.
The nitrogen and phosphorus are the main nutrients for aquatic environment primary producers [70] and the mean increase of nutrients means changes in the abundance of fishes, in what regards composition and biomass in temperate lakes [94] . The fish biomass and their density per unit area of the lake increase with increasing concentration of total phosphorus [95, 43] , so that the concentration of predatory fishes is reduced [96, 25] .
Among the nitrogen forms mostly consumed by the communities of aquatic ecosystems are ammonia nitrogen, nitrate and nitrite. Nitrite is the intermediate state between ammonia and nitrate, during the nitrification process, and is not very much available in the environment and used by primary producers. Nitrite is a very complex variable, because it is converted into ammonia or nitrate and unlikely to accumulate in the system, what explains the lack of relationship with chlorophyll-a. Their low concentrations may also indicate a high oxygen environment [70] .
The nitrate concentrations in the reservoir had a horizontal longitudinal distribution. The results were similar to those found previously in the Itaipu Reservoir [50] , but in lower concentrations.
Ammonia nitrogen is the least found nitrogen form and one of the most frequently used by primary producers. This is because the ammonium ion can be used as a nitrogen source during protein synthesis by primary producers. This may happen as ammonia is one of the main forms of nitrogen excreted by fishes [97] . In the Itaipu Reservoir the average concentration of this variable was 0.03 mg/L, confirming the results of [53] , with average values of 0.033 mg/L.
The total Kjeldahl nitrogen (TKN) is the sum of forms of organic and ammonia nitrogen, which are extremely important for biological activity. In the Itaipu Reservoir this form of nutrient was the one which presented the best relationship with the chlorophyll-a concentrations, and positive relationship with water transparency, as evidenced by multiple regression analysis. The concentrations of total Kjeldahl nitrogen in the reservoir had horizontal distribution similar to that found by [50, 75] , with the transition zone having higher concentrations of this nutrient. This was the variable that best correlated with the chlorophyll-a variable, corroborating the results found by [98] , thus demonstrating the assimilation of this source of nitrogen by phytoplankton [70, 99] . The relationship between the nitrogen forms of chlorophyll was also observed by [100, 101] , who found a direct relationship between the reductions in nitrate and ammonia concentrations and increase in concentrations of chlorophyll-a in experiments in ponds with known fish biomasses.
Phosphorus is found in the aquatic environment in the same way that nitrogen is (organic and inorganic/in particles and dissolved) and together they are the most important nutrients for primary production in aquatic ecosystems. The lowest average concentration in the lacustrine zone of Itaipu Reservoir can be explained by sedimentation rates throughout the watercourse. It is important to stress that the P.total in this zone may have more effect on productivity (chlorophyll-a) owing to the luminosity factor [102] . This explains why the phosphorus had no significant relationship when related to chlorophyll-a and water transparency in the multiple regression analysis of the Itaipu Reservoir.
Comparing the total phosphorus concentrations with the results [50, 75] , it is possible to observe that the reservoir presented a seasonal longitudinal distribution pattern that is similar in both studies. The concentrations of this nutrient were similar in both studied zones [50] and this showed that the constant reduced concentrations of total phosphorus is an important implication for the absence of eutrophication in the Itaipu Reservoir. [63] point out that inhibition of the eutrophication process can be associated with the retention of this nutrient in cascade systems reservoirs located upstream of the Itaipu Reservoir, and studies conducted by [69] show a decrease of phosphorus in cascade systems reservoirs. Furthermore, [50] point out that large sources that carry phosphorus into the reservoir are limited by the tributaries and the floodplain.
The impact of fish that feed on sediment detritus, making available large concentrations of phosphorus for phytoplankton has been studied by several authors [20, 74, 80, 103] . In Paranoá Lake this impact was observed in the stock of tilapia due to their omnivorous feeding habits, more than 50% of their stomach contents consisted of sediment in the study by [104] , what through excretion is released into the water column, increasing the concentration of phosphorus [105] .
The primary productivity, which can be expressed indirectly by the concentration of chlorophyll, is controlled by the action of light and nutrient factors [106] , considered fundamental to the development of phytoplankton productivity in freshwater ecosystems.
The horizontal distribution of chlorophyll-a concentrations in the Itaipu Reservoir showed significant relationships with almost all forms of nutrients. The multiple regression analysis indicates that the nitrate and ammonia nitrogen negatively affect primary productivity, while the total Kjeldahl nitrogen and total phosphorus positively affected the primary productivity. These results corroborate those by [107] in six reservoirs in the state of Paraná, where they found similar effects of nutrients on chlorophyll-a and verified the same pattern of distribution.
The phytoplankton community of a reservoir is maintained by continuous input of nutrients (inflows) and by the nutrients recycled by zooplankton and fishes. A way commonly used to quantify the amount of algae in a specific reservoir is by determining the concentrations of chlorophyll-a [1] .
The pattern of longitudinal distribution of chlorophyll-a in the reservoir was constant for the riverine and lacustrine zones, where the average concentrations found were similar. On the other hand, the transition zone, whose highest concentrations of chlorophyll were associated with higher nutrient concentrations, showed a distribution related to the seasonality of rainfall. Studies by [75] corroborate the results of the present study. The highest concentrations of chlorophyll-a in the Itaipu Reservoir, in the transition zone, are explained by higher concentrations of total Kjeldahl nitrogen, total phosphorrus and nitrate, and, apparently, these correspond to the forms of nutrients that were influential in increasing concentrations of chlorophyll-a. [107] commented that the prevalence of high concentrations of chlorophyll-a in the intermediate zones (transition) are due to the ideal relationship between light and phosphorus, most found in these regions, increasing primary productivity. The authors emphasize that this pattern in the distribution of chlorophyll-a is not always found and this is because other factors (such as residence time, reservoir size, morphometry, etc.) influence the metabolism of primary productivity.
It is important to stress that the impact of diffuse pollution (agricultural) and punctual pollution may be increasing nutrient levels in the Itaipu Reservoir, as it can be seen in satellite images of the region where the Itaipu Reservoir is located [65] . Another aspect to be analyzed with regard to the transition zone is that, besides a steeper topography, a large swine farming activity is practiced in the São Francisco Verdadeiro e Falso River micro basins, producing pollution due to an increase in nutrients caused by lack of waste treatment of these farms (BE-NASSI, S.F., personal communication). Most of these properties are located near the banks of tributaries of the reservoir, explaining the increase of nutrient concentrations, and consequent higher occurrence of cyanobacteria in this region.
Trophic State Index (TSI)
The Trophic State Index is intended to classify water bodies according to nutrient enrichment and is obtained through statistical analysis of linear regression models [59] . Water transparency many times does not show values that represent the trophic status of the environment, especially for the oligotrophic limit value. For this reason, we started to use the weighted average of the indices calculated by assigning a lower weight ratio to water transparency (Secchi disk reading), without having to remove it from the calculation of the TSI average.
The results obtained show that the transition zone has a higher trophic status than the other zones, what can be related to the higher nutrient input (diffuse pollution), as discussed above, or by the ratio of optimal light with the nutrient concentrations. The mean values of TSI indicate a slight improvement of the trophic state of water, according to spatial and temporal patterns. The values found for lacustrine zones indicate that these regions are oligotrophic. On the other hand, the riverine and transition zones showed higher values, reaching concentrations that indicate a mesotrophic level with some eutrophic values in the transition zone. Nevertheless, the average value for the entire reservoir, disconsidering the zone divisions, indicated that its waters can be classified as mesotrophic, corroborating studies by [75] . These changes in trophic status among different regions were also found by [83, 91] , in which precipitation and diffuse pollution were the factors that best explained the changes of the trophic status.
Another important factor to consider is the cascade system upstream of the Itaipu Reservoir, present in the Tietê, Grande and Paranapanema rivers, which supplies waters to the Paraná River, forming the reservoir. This factor may have a great influence, as the concentrations of nutrients and particulate matter undergo a lowering effect through the successive reservoirs in cascade systems [69, 75] .
Analysis of Longitudinal Distribution of Biological Communities
The responses of the communities in reservoirs under manipulated conditions or not, are incomplete, as they are altered or destroyed before complete interactions. The instability of the formation of a new environment makes communities unstable due to anthropogenic activities and damming [49] . The process of spatial and temporal succession of communities in reservoirs depends on the speed of filling, withdrawal of vegetation or not, on the establishment of an extensive coastal zone which increases the substrate and the processes of colonization of the basin [107] . According to [63] the seasonal cycle of phytoplankton in reservoirs is due in large part to hydrodynamic changes. The pulses produce sudden changes in the system, with rapid discharges in the surface, producing impacts owing to the input of material in suspension, nutrient availability and solar radiation (which causes changes in the specific composition of the phytoplankton), as well as the frequency of turbulence caused by the action of winds (which affects the spatial distribution, horizontal and vertical of phytoplankton in reservoirs). The authors emphasize that the pattern of horizontal distribution determines the distribution characteristics of phytoplankton, resulting, in many cases, in algal blooms due to the accumulation produced by the horizontal surface currents.
The relationship between the composition and distribution of phytoplankton and the physicochemical regimes are complex and the interaction can be understood only with long-term studies [63] .
The variation in density, according to the main groups, shows a distribution pattern among the zones of the reservoir, in which we observed the dominance of cyanobacteria (76%) and that the remaining groups of algae were less abundant. These results corroborate those by [68] , who obtained cyanobacteria abundances of values of 11.000 ind./ml, and [75] , in the Itaipu Reservoir, with the highest densities of cyanobacteria Mycrocystis kutzing. Only in the transition zone cyanobacteria blooms were recorded, a fact that can be explained by higher nutrient availability in the rainy season and by the pH values [23] . One aspect that should be considered is the type of data collection, with water samples taken only from the surface, the area of greatest development of cyanobacteria [63] .
The low densities of phytoplankton groups studied can be justified by the low average concentrations of nutrients. According to [108] , all phytoplankton species are likely to keep growing as long as nutrients are available, and faster growth species are selected in environments with favorable nutritional conditions.
The results of multiple regression analyses indicate that the independent variables water transparency, turbidity, and TKN showed a positive effect on the development of cyanobacteria in the Itaipu Reservoir, and the variable suspended solids influenced negatively in their development. The generated model can estimate the biomass of cyanobacteria from the independent variables mentioned above.
When cyanobacteria were related to total phosphorus and fishes, the results indicated that the limiting nutrient for the development of these algae is total phosphorus, and the fishes also play an extremely important role in this environment.
The proportion between the different groups that make up the zooplankton community (rotifers, copepods and cladocerans) is considered a way to use this community as an indicator of the trophic conditions of the environment, and the dominance of rotifers is often associated with increased eutrophication [109] .
In the Itaipu Reservoir the most dominant group was Copepoda, with the highest densities in the whole system (57.97%). Studies in reservoirs of Paraná indicate the same dominance of copepods [110] and in the Tucuruí Reservoir, [111] observed the same pattern. The highest density of Copepoda as well as of Cladocera, may be associated with a higher trophic level in the zones where the concentration of chlorophyll and cyanobacteria were higher. According [112] , higher densities of zooplankton in the transition zone are observed when resource availability and hydrodynamics are interacting to determine abundance patterns.
The greatest abundance of zooplankton was recorded in the transition zone of the Itaipu Reservoir. Studies by [113] in reservoirs of the state of Paraná showed results that corroborate the results of this work. The highest abundance in the transition zone is explained by higher concentrations of chlorophyll-a, due to increased human activity observed in the basins of the San Francisco Verdadeiro e Falso Rivers, located in the transition zone. The distribution of small cladocerans may be related to the abundance of cyanobacteria, especially in eutrophic environments [115] . The biochemical properties of cyanobacteria (and some species may be toxic) and the shape and size of colonies prevent an overexploitation of this resource by zooplankton, keeping the abundances of colonies stable [115] .
The second most abundant group was the rotifers. Although eutrophic and hyper eutrophic environments favor the dominance of rotifers, in most aquatic environments of Brazil rotifers are often dominant, regardless of trophic status, both in density and in number of species [116] . The non-dominance of rotifers in the Itaipu Reservoir (32%) is consistent with the results for oligotrophic and mesotrophic lakes in the United States [116] , in which rotifers represent 20% to 37%.
Regarding the distribution of the longitudinal axis of the reservoir, the highest density of rotifers was found in the riverine zone and in the remaining zones there was a dominance of copepods. Studies in the reservoir of the Corumbá River [113] show that the community structure was altered after the construction of the dam, when the densities of cladocerans and copepods showed greater development. Other authors relate the trophic status in the community structure of zooplankton [109, 114] .
The study of the determination of the time-space variation of fish communities and the way in which these stocks are removed from the environment are used to rationalize fishery management [117] . According to [118] fish populations have effects of fundamental importance in trophic cascades, with direct influence on biomass and productivity of other trophic levels.
The results of the variation of the trophic structure of the fishes show that the group of omnivores was most abundant in the reservoir, followed by piscivores. These two groups accounted for 77.7% of the total biomass. The riverine zone showed higher occurrence of omnivores and detritivores. In the transition and lacustrine zones omnivores and piscivores were more abundant. [48] also found eight trophic groups in the Itaipu reservoir in the period between 1983 and 1986. Then, the piscivores were dominant (25.6%), followed by iliophagous (15.6%), omnivores (12.5%), insectivores (9.4%), herbivores (3.4%), planktivores (1.6%) lepidofages-insectivores (1.6%) and others (9.4%). [50] in a six-year study (1983 to 1989) in the Itaipu Reservoir, found similar results, with higher occurrences of omnivores and piscivores. [55] found greater biomass of hake Cynoscion spp. (piscivores), detritivores and omnivores in the Itaipu Reservoir. The differences between the trophic guilds of fishes in the present study compared to those of [55] , can be explained by differences in sampling methodology, as these authors used only gillnets in their studies. The results presented here are derived from landings of commercial fishing, where fish biomasses are best represented by the fact that fishermen pursue this activity with greater frequency. The monitoring of professional fisheries in the Itaipu reservoir began in 1985 and persists to this day, and it is of great importance for understanding the dynamics of fishes in the reservoir.
[52] characterized the structure of trophic guilds of fishes of the Paraná River, in which piscivores were more abundant and diverse. The authors emphasize that the dynamics of the environment is related to the diversity of species in trophic categories, as evidenced by the structure of the diversity of its abiotic component and by the biotic interrelationships governed by the hydrological cycle.
As the Itaipu Reservoir is an artificial damming of the Paraná River, it is expected that the structure of the fish community should have a strong influence of the hydrological regime of the river. The study mentioned above found greatest abundance of piscivores and iliophagous, both favored by the effect of the flood pulse, developing ideal areas that favor the increase of these stocks (reproduction and feeding). This effect may explain the large biomass of omnivores and piscivores recorded in this study, in which the riverine and transition zones showed large biomasses of omnivores, and piscivores were more dominant in the lacustrine zone.
Trophic Relationships (Top-Down and
Bottom-Up) in the Itaipu Reservoir:
Direct and Indirect Effects
The theory of trophic cascade in lakes and reservoirs is based on the fact that each trophic level of the food chain is inversely and directly related with trophic levels above or below, following two principles: the loss of energy between a trophic level and a higher one, and the disturbance in a trophic level brings consequences to the remaining trophic levels. The studies that have tested and confirmed this hypothesis in temperate lakes and reservoirs are numerous [2, 4, 5, 7, 8, 15, [23] [24] [25] [29] [30] [31] 96, [119] [120] [121] [122] [123] [124] [125] [126] , unlike what happens in tropical lakes, where studies of trophic cascades are scarce [46, 127, 128, 32, 47, 129] . The top-down effects in temperate environments are explained by [15, 18] , where relationships between trophic levels suffer negative effect of the presence of piscivores on the lower levels.
[32] investigated the effects of trophic cascades in dams of Pernambuco. The relationships that are well explained in temperate climate lakes and reservoirs were not so evident in tropical environments. The authors suggest that the state of the trophic guilds of fishes plays the main role in food webs in reservoirs of northeastern Brazil, where indirect effects between chlorophyll concentration and the densities of omnivores have a positive relationship, indicating that omnivores somehow contribute with some kind of pressure towards the development of chlorophyll-a. According [129] , this is because the wealth of fish species is often higher in tropical and subtropical lakes. South America and Africa have a very rich freshwater fish fauna and many species of fishes show a partially overlapping niche, increasing the control of prey [18] . This effect was also observed by Stein et al. (1995) in lakes in southern United States.
Fish communities in tropical and subtropical lakes are often dominated by omnivores, which have great feeding plasticity, consuming zooplankton, phytoplankton, periphyton, benthic macro invertebrates and debris. According to [32] , the piscivores are represented in few species and in small biomass and a greater biomass of small carnivores and omnivores generally governs the dynamics of the trophic chain.
Some species of omnivores are not controlled by the availability of food resources (zooplankton) and not even by the pressure of predation as they are bigger in size than their potential predators. The top-down control by piscivorous fishes is therefore weaker in subtropical/ tropical lakes than in temperate lakes.
[11] notes that in most previous studies involving the impact of planktivorous fish the feeding behavior of the species was not determined and, consequently, the mechanisms that determine the feeding selectivity of the fishes and the use of resources were not well understood. The author explains that fishes have great ability to change their pattern of feeding selectivity, and classifies fishes according to the way they feed: visual particulate, filtration, pumping and filtration drag. In the case of the first two, several factors influence the success of predation, as prey size and light intensity, and species of young fish that feed by visual mode particles may switch to filter-feeding by pumping when they become adults. [12] demonstrated this effect in laboratory experiments with a cichlid species, the Geophagus brasiliensis. [137] tested the feeding selectivity for the same species in experiments in mesocosms in situ in the Lobo-Broa Reservoir (SP). The authors found that the biomass of Daphnia sp decreased in treated fish, showing the pressure for food selectivity, confirming the laboratory studies by [12] .
In systems where there are high fish densities, there may be loss of weight and animal death [15] . The presence of a predator provides stability to the system, since, with predation, there is a reduction of the stock of prey, thus avoiding the lack and competition for food by the forage species. Paiva et al. (1994) conducted a study where the number of predator species interfered with the trophic dynamics in reservoirs of northeastern Brazil. They noted that the reservoirs in which there were two species of predators fish catching was high, while in reservoirs with less than two species of predators, competition among prey probably contributed to the decrease in catch.
Several authors suggest that the community structure and biomass of fresh water are regulated by predators [2, 4, 23, 24] . It can be said that an increase in piscivore biomass is associated to reduction of planktivore biomass, increase of large zooplankton biomass and reduction of phytoplankton [15, 25, 29] . The interactions established by predation can promote the reduction of the planktivore biomass and these, associated with increased biomass of large zooplankton and the increase of algae consumers (grazing), reduce the phytoplankton biomass. Several authors [23] have noted that predators are important to zooplankton alterations.
According to the trophic cascade hypothesis, the increase in piscivore (carnivore) biomass in a lake or reservoir causes [23] the planktivorous fish biomass to decrease, increasing the zooplankton biomass and reducing phytoplanktonic biomass [4, 24] .
[32] point out that top-down effects in tropical environments are more complex than in temperate environments, as there are no species that are essentially zooplanktivorous but omnivores (such as tilapia), and the piscivores give way to general macro carnivores. The chlorophyll-a concentration increases with the omnivorous fish biomass and decreases with macro carnivore biomass. However, in this work, the chlorophyll-a concentration was not related to total fish biomass and to the macrozooplankton biomass. Interactions between fishes and chlorophyll concentration and between fish and zooplankton biomass were inversely related to the trophic state. The fish-phytoplankton regulation caused by complex omnivore interactions is present in the feeding behavior of various populations of consumers.
The results show that the Itaipu Reservoir presented top-down and bottom-up relationships, supporting the findings by [47] in experiments in a lake in Bolivia, with direct and indirect effects on the trophic cascade. The top-down effect was found only in the first trophic level and the biomass of piscivores exercised a control over omnivores and detritivores, and had no predatory effect on the benthivore and zooplanktivore biomasses, whose biomasses actually increased. This suggests that the piscivores may have an effect on the water quality of the reservoir, not positively, but negatively, since the indirect relations between the guilds consumed by predators have shown to have a controlling effect on both chlorophyll-a and cyanobacteria. The control effect of piscivores was also reported by [139] on 31 reservoirs of the state of Paraná.
The effect of omnivores on the other trophic groups of fishes were also evaluated, since this group is composed largely of big fish (Pimelodus sp and Pterodoras granulosus, for example). This analysis indicates that the in-crease in omnivore biomass caused depletion of benthivore and detritivore biomass, contrary to what happened with the zooplanktivore, which had their biomass increased.
An important relationship studied was the one between detritivores and primary production in the reservoir. Although the results indicate that this group suffers a strong predation pressure by piscivores and omnivores, detritivores promote control over chlorophyll-a and cyanobacteria.
When the omnivore filter-feeders dominate the planktivorous fishes, the hypothesis "fishes versus trophic state of the lake" can no longer be valid because the growth stimulation by omnivores is intensified by the increased load of nutrients [19] . The systems dominated by omnivores show weak trophic links, due to a combination of weakened mechanisms. Consequently, they are difficult to predict with the trophic cascades hypothesis. Among the mechanisms involved, [32] comment on the "intraguild predation" (IGP), which applies to omnivores that feed on herbivorous zooplankton and on their phytoplanktonic food and also ontogenetic omnivory (the same mechanism that occurs during the fish ontogeny from the juvenile phase to the adult).
The lack of zooplanktivore predation effect demonstrated in the statistical analysis also indicates damage to water quality, with positive effect related to the cyanobacteria. Studies by [138] emphasize the great adaptability that zooplanktivorous species have owing to their gill system, as their gills are large, long, thin and numerous. For instance, the filtration mechanism of Hypophthalmus marginatus is of the passive filter kind that consists in swimming with an open mouth and with extended operculum, and their diet is composed primarily of zooplankton. These results demonstrate the importance of omnivore and detritivore chains in tropical and subtropical aquatic environments. These results corroborate the work of [18, 32] , which emphasize the effect of omnivores and the detritivore chains in these environments.
The only guild of fishes that showed some relationship with the macrozooplankton was the one composed by iliophagous, and the relations were positive and not negative as they occur in temperate ecosystems [15] . These results suggest that the increase in iliophagous biomass causes an increase in herbivorous zooplankton communities, indicating that the pressure of fishes does not affect the zooplankton community, which is capable of consuming the phytoplankton, what appears to be a bottom-up effect.
The low pressure the fishes cause on zooplankton implies the dominance of small individuals in the zooplankton communities in tropical and subtropical lakes [18] . The omnivorous copepods biomass usually dominates in oligomesotrophic systems, whereas microzooplankton prevails in more eutrophic systems. At higher temperatures, the daily fluctuations of the physical or chemical conditions or sudden environmental changes (due to heavy rain, for example) may affect the zooplankton community (increasing the number of protozoa and rotifers), but it has the ability to recover very quickly. The classic control of phytoplankton by macrozooplankton in temperate lakes is not as often seen in tropical lakes [18, 129, 47] . This absence of predation pressure on zooplankton may represent an additional limitation on the difficulty of biomanipulation in tropical and subtropical lakes.
While studying mesocosms [140] found that the predator causes a strong impact on the planktivore community, but the interactions of the trophic levels below these communities did not show a strong effect on the phytoplankton and zooplankton communities. The results described above can explain the increased biomass of the zooplankton community, with regard to the macrozooplankton analyses (cladocerans and copepods), in this study. The results show that there is no predatory pressure of fish on zooplankton. Studies in 31 reservoirs in the state of Paraná showed the same positive relationship between chlorophyll-a and macrozooplankton. According [18] , in tropical environments prey are not strictly zooplanktivorous, but omnivorous, having no direct effect on zooplankton community.
The macrozooplankton (cladocerans and copepods) showed a positive relationship with chlorophyll, indicating that the former had no control over the latter. These results corroborate the work by [114, 135] , held in reservoirs of Paraná, in which positive relationships were also found between zooplankton and chlorophyll-a. This type of relationship is opposite to what is commonly found in temperate lakes and reservoirs [5, 15] , indicating a bottom-up effect.
The last trophic level examined, confirming the bottom-up effect, was the chlorophyll-nutrient interaction, where increased concentrations of chlorophyll-a were positively related to the concentrations of total phosphorrus. In temperate environments this ratio is positive [15, 5] , and nutrient concentrations control chlorophyll-a concentrations.
[130] point out that a complicating factor for the functioning of the trophic cascade hypothesis is the assumption that all populations of planktivorous fish are susceptible to increased biomass of piscivores. [16] also shows that the morphological characteristics (such as mouth opening of predators) and prey refuges are factors of extreme importance for the development of the trophic cascade hypothesis.
Indirect relationships indicate that omnivores, insectivores and detritivores control chlorophyll and cyanobac-teria. These three groups of fish can be used to control the quality of water in the reservoir, and laboratory and in situ experiments may provide answers for the management of this environment. The iliophagous and zooplanktivorous fish showed positive relations with chlorophylla and cyanobacteria, respectively. These results indicate that both groups of fish somehow stimulated the development of primary productivity. Measures such as the encouraging of catchment of these species in both artisanal and sport fisheries would bring beneficial results in the control of water quality in the reservoir.
Insectivores and herbivores were the only groups of fish that were somehow related to the concentration of total phosphorus. Both showed negative relationships with phosphorus, indicating that an increase of the biomass of these causes a reduction in the total phosphorus concentration. These results imply that management of these species (increase of stock) may have a greater control of total phosphorus in the reservoir.
[74] compared the rate of excretion of phosphorus in zooplanktivorous fish, with estimates of internal and external loads in a eutrophic lake (Lake Finjasjon, Sweden). The experiments were performed in the laboratory using two prey species (one benthic and one pelagic), and the results were extrapolated to the entire lake, using the calculation of consumption of prey by the fish, based on field data on community structure , growth rate of excretion and diet of the fish. The phosphorus rate excreted by the fishes was on average 0.53 mg P/m²/d, which had a 110% increase of external load and 42% of internal load. Most of the phosphorus released by the fish is recycled within the water column, that is, more than 18% of phosphorus released in the water comes from the benthic food, thus representing the transportation of phosphorus from the sediment to the water column. Phosphorus excreted by the fishes became available for phytoplankton, suggesting that the nutrient may constitute an important source for algae.
Fishes release phosphorus in the water directly through metabolic processes (excretion) and, indirectly due to their habit of turning the sediment in search of food, making nutrients available in the water column [74, 105] . [20] stresses that the importance of fish in maintaining the concentration of phosphorus of the water can be greater than that of allochthonous sources, primarily as a source of nutrients in the pelagic region. [131] point out that the soluble phosphorus is the main form of phosphorus excreted by fish, and [20] demonstrated that tilapia are the fish that have the highest rate of excretion of soluble phosphorus in Lake Paranoá.
While analyzing the relations between one trophic level and another, we observed that the Itaipu Reservoir presents strong evidence of a bottom-up force, whose positive effects can be found throughout the reservoir. Only the analyses of the fish predation effect on fish showed negative relationships, indicating that there is a top-down effect. These results suggest that the Itaipu Reservoir presents both types of effect. While the bottom-up effect was observed in three trophic levels, the top-down effect was found only in one level. The food web is presented in Figure 9 and shows the direct and indirect top-down and bottom-up effects in the Itaipu Reservoir.
It is important to stress that the Itaipu Reservoir, lo- According [1] , the food web of a reservoir is represented by several groups of organisms according to their lifestyles and feeding habits. The groups of organisms are mutually related to each other mainly by their feeding habits, by allelopathic reactions (by chemical compounds released by organisms), by the behavioral reactions and by the recycling of nutrients. The authors stress the importance of knowing aquatic organisms and the food web of a reservoir, in which the presence or absence of certain species and their food web serves as a long-term indicator of water quality.
Inference of Fish Yield
Predictive models to estimate the production and fish yield are commonly used in African and North American lakes and reservoirs [132, 61, 62, 42, 133, 134] .
Numerous independent variables can be used to predict indices that explain fishing yield in lakes and reservoirs, through biotic and abiotic variables (reservoir area, average depth, alkalinity, air temperature, water transparency, dissolved solids, morfoedaphic index-MEI, chlorophyll and phytoplankton biomass, primary production, benthos, macrophytes, fish biomass) that can be tested in univariate and multivariate models.
According to the results found, the model predicts that increasing concentrations of cyanobacteria involves depletion of fish catches in the Itaipu Reservoir. The correlation coefficient explained 68% (p = 0.05). [135] , in a study of 29 reservoirs of the state of Paraná, developed a multivariate model, in which fish biomass was explained by the chlorophyll-a and zooplankton variables. The authors emphasize that the bottom-up effect in these environments is explained by the positive relationship with chlorophyll-a and negative with zooplankton.
The inference of fish yield calculated by the equation of [61] was 8.1/kg/ha/year and this result is similar to that obtained by [49] , who found an average of 7.9 kg/ha/year for the years 2000 to 2004, indicating that an analysis for the formulation of a specific model for the reservoir can reveal accurate predictions.
It is important to stress that these models provide a quick estimate, but the continued monitoring of professional and amateur fishing over a long period of time (as it is currently done by Itaipu) are of utmost importance for the understanding of fishing yield, as well as the dynamics of the structure of species of the reservoir.
The relationship between MEI and water transparency was verified by regression analysis. This relationship indicates that the increase in water transparency influences the depletion of MEI (R = 0.687, P ≤ 0.001, F = 62.59), and the relationship between chlorophyll-a and the MEI is inverse to water transparency (R = 0.325, P = 0.005, F = 8.268). The same behavior of relationships was also observed in Indian reservoirs [128] , in which water transparency had a negative effect and chlorophyll-a, positive. These relationships indicate that the analysis of the MEI and a series of fish production data can generate a predictive model of fishing yield for the reservoir. An analysis using the morphoedaphic index and catches may reveal a more accurate model for fishing yield. According to [136] , estimates on abundance and fishing yield are necessary as tools for solving problems related to fisheries management in reservoirs.
Another aspect to be considered is that all analyses of water quality variables were performed with data collected from the water surface. This may explain why the model created that showed closest figures regarding the catch was one that included data from cyanobacteria. This group of algae is dominant in the superficial regions of lakes and reservoirs, and the action of winds is a determining factor for the appearance of blooms [63] .
The lack of detailed information on fish production prevented the creation of more efficient and powerful predictive models. This line of research is of great value, and good models that can infer the production and fishing yield in lakes and reservoirs are tools that can be used by the agencies responsible for aquatic resources management in Brazil.
Conclusions
Evaluating the results, it was possible to conclude that the trophic cascade hypothesis in the Itaipu Reservoir showed both top-down and bottom-up effects, and the negative effect of piscivores was seen only in the trophic level below, and the effect of the other levels were positive, featuring a stronger bottom-up force. The cycle of the food web seems to be explained by the omnivore and detritivore biomasses, an effect observed in tropical and subtropical environments, being of extreme importance in the (indirect) relationships, and determining the controlling forces of primary productivity in the reservoir. The limnological variables in the Itaipu Reservoir showed a pattern of spatial (horizontal) and temporal variations that is strongly dependent on the hydrological regime. The forms of nutrients influenced the development of primary productivity (as measured by chlorophyll-a), and while the TKN and total phosphorus had a positive effect, ammonia nitrogen and nitrate had a negative effect. The models created answer how these variables influence the concentration of chlorophyll-a. The negative effect of turbidity and suspended solids on water transparency was confirmed by means of linear regression analyses, and the generated models explain around 61% of this effect at a high significance level.
The transition zone was the one with the highest concentrations of nutrients, higher chlorophyll concentration, higher density of cyanobacteria and zooplankton and a higher trophic degree, characterizing eutrophic conditions, but, on average, it was considered mesotrophic.
The average results of the trophic state indices indicate an oligotrophic status for the entire reservoir as well as for the riverine, transition and lacustrine zones separately. It is possible to verify, during years of study, that the process of eutrophication of the reservoir is occurring slowly, but some high values found highlight larger inputs of nutrients.
The increase in primary productivity, expressed by chlorophyll-a, was explained by increased levels of total phosphorus in which the models were significant and responded for more than 40% of this ratio.
Cyanobacteria were dominant in the Itaipu Reservoir, and their highest values were obtained in the transition zone. Increasing concentrations of chlorophyll-a were positive and significantly related to the greater density of cyanobacteria. Cyanobacteria also suffered the influences of abiotic variables such as water transparency, turbidity, suspended solids and TKN, and the latter had a negative effect on the development of algae. The model created explains 57% of these relationships.
The fishes that exercised the greatest control over cyanobacteria were omnivores and detritivores. The models explain about 88% of the relationship pressure of these groups of fish on these algae. Zooplanktivorous fishes did not present any controlling effect on the densities of zooplankton, and their development was positively related to cyanobacteria, indicating growth of the latter. The Prochilodus lineatus was the only species to compose the iliophagous group, having a positive effect regarding chlorophyll-a, and the concentrations of the latter increased with the increase of iliophagous fish biomass.
Omnivores and detritivores were the trophic guild groups that showed a controlling effect on the cyanobacteria and chlorophyll-a, indicating that when these groups of fish increase, they reduce primary productivity in the reservoir. The piscivores may be presenting a negative effect on water quality of the Itaipu Reservoir, in which the control effect is exercised by the biomass of omnivores and detritivores.
The fish yieldn was estimated by the relation with cyanobacteria concentration, and this was the variable that best explained this prediction, in 68%. The use of the morfoedaphic index (MEI), with the recorded catch data, can generate predictive models that estimate the fishing yield in the Itaipu Reservoir. The relations of MEI with chlorophyll-a and water transparency indicate that this index may be a good predicting factor for future fish captures.
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